Several recent protein crystallographic structure determinations have demonstrated the existence of considerable tertiary structural similarity among proteins otherwise having little similarity in either amino acidsequence or biological function. In order to assess the possibility that such proteins may have arisen through processes of divergent evolution from a common ancestor, a gra hical presentation is given which correlates the pattern of allowed single base substitutions defined by the genetic code with the associated changes in the structural properties of the encoded amino acids. The results show that while a large degree of structural conservation is evident due to codon synonomy, there is, in general, little tendency for the code to be structurally conservative in the majority of the cases where codon single-base changes result in amino acid substitutions. The possible consequences of this pattern of potential amino acid substitutions are discussed in relation to protein evolutionary processes.
Some of the most convincing evidence for the common evolutionary origin of living organisms stems from observations of their fundamental biochemical and structural similarity. is also manifest by extensive similarities in the proteins' tertiary structures. Examples of such protein families include the cytochromes c (1, 2) , the dehydrogenases (3) (4) (5) , the oxygenbinding globins (6) (7) (8) (9) , and several of the serine proteases (10) (11) (12) . It is additionally evident, however, that in several instances considerable tertiary structural similarity exists among proteins having little or no similarity in either their amino acid sequences or their biological functions. Examples include similarities between the nucleotide-binding domain of the dehydrogenases with regions of subtilisin and flavodoxin (4) , and overall structural similarity between immunoglobulin Fab fragments and superoxide dismutase (13) . Although cases are known where structurally and sequentially related molecules have undergone considerable functional alteration during evolution (e.g., lysozyme and lactalbumin) (14) , it is not clear whether those molecules showing similar tertiary structures in the absence of sequential or functional similarities result from processes of functionally divergent or structurally convergent evolution.
The work described here is an assessment of the extent to which single-base codon transitions defined by the genetic code result in the preservation of the structural properties of the encoded amino acids. Although aspects of this subject have been considered previously (15) (16) (17) , the present graphical treatment gives a more uniform depiction of the relative amino acid structural differences, and moreover provides additional insight concerning the overall pattern of amino acid structural changes accompanying single-base codon transitions. This information is useful in evaluating the extent of structural conservation inherent in the genetic code, and consequently, the relative likelihood that proteins showing extensive structural similarities in the absence of any sequence homology have resulted from processes of divergent or convergent evolution.
METHODS
The basic approach utilized in this study involves the characterization of each amino acid in terms of its known physical or structural properties, which are subsequently treated as xyz coordinates in a Cartesian coordinate system. This gives a set of 20 points (corresponding to the 20 amino acids) whose relaBiochemistry: Salemme et al. tive spatial relationships are an accurate representation of the structural differences between amino acids. It is then straightforward to connect those points corresponding to amino acid substitutions resulting from single-codon base substitutions to assess the degree of accompanying amino acid structural conservation.
Two sets of structural parameters are utilized to characterize individual amino acids.
The first set ("cpv") assigns values representative of composition (a function of the ratio of non-carbon to carbon sidechain atoms best related to the potential of an internal residue for hydrogen bond formation), side chain polarity, and volume to each amino acid (16) . The physical rationale for the selection of these parameters stems from the observations that protein molecules are close-packed structures, having interiors composed of either apolar residues or hydrogen-bonded polar uncharged residues, with charged amino acid side chains located on the molecular exterior (18, 19) .
The second parameter set ("acqb") incorporates values representative of the probability that each amino acid may form a-helical, fl-pleated sheet, or hairpin bend secondary structures (20, 21) . These hydrogen-bonded secondary structures make up the majority of most known protein structures and, in general, constitute the features by which structural similarity between proteins is most readily recognized.
For graphical convenience, members of the respective parameter sets have been adjusted to the same relative scale according to the equation p = P/Dp, in which p is the scaled parameter value, p is the raw parameter value (16, 21) , and DP is the average parameter difference taken over all 190 pairs of amino acids. The scaled values for the two parameter sets are treated as independent variables (i.e., xyz) and plotted in three-dimensional Cartesian coordinate systems (Fig. 1) . The values of the parameters associated with each amino acid define points in the respective cpv and ac4b spaces representative of their structural properties. Distances between any two points associated with different amino acids are consequently a measure of the similarity or difference in their overall structural properties. By connecting points corresponding to those amino acid substitutions resulting from single base changes, the accompanying structural alterations that may result may be conveniently represented. Fig. 1 shows the distribution of the amino acids in the respective cpv and aflb structural parameter spaces. Although there are some similarities in the distribution of the points defining the amino acids in these spaces (e.g., phenylalanine, methionine, isoleucine, and leucine are close neighbors in both spaces), there does not appear to be any uniform transformation that will make all of the points defined in the two spaces coincident.
RESULTS AND DISCUSSION
Figs. 2, 3, and 4 show the connectivity patterns arising from first-, second-, and third-base codon substitutions, respectively. From inspection of these drawings, it is apparent that with the exception of first-base codon transitions holding A or U constant as second base ( Fig. 2A) , the majority of the allowed transitions do not occur between nearest neighbors in these spaces. Fig. 5 shows plots of the number of single-base changes defined by the genetic code versus corresponding overall differences (i.e., distances between plotted points) in amino acid structural properties in both the cpv and aflb spaces. Both plots show large peaks near their origins, predominantly resulting from transitions between synonomous codons whose associated structural difference is zero. However, the remainder of the transitions do not show marked tendencies towards the preservation of amino acid structural properties in either space. This can be seen by the close correspondence of the average distance between each amino acid and its eight nearest neighbors (d8) and the mean structural difference (d.) for all codon single-base changes, including those 26% of the total shown resulting from transitions between synonomous codons. Although it may be argued that the simultaneous preservation of all amino acid structural properties provides excessively rigid criteria by which to judge amino acid structural similarity, it is notable that with few exceptions (see Fig. 4 ), the structural differences observed Biochemistry: Salemme et is counted once. Transitions to or between codons not coding for amino acids are omitted. Distance ranges for each space were divided into nine equal increments from d = 0 to d = dmax, the maximum distance between any two amino acids in the respective spaces. Indicated are d8, the average value for all structural differences associated with single-base substitutions; d8, the average structural difference between any amino acid and its eight nearest neighbors (on the average, any amino acid is related to 7.5 others by codon singlebase substitutions), and diso, the average structural difference between all pairs of amino acids in the respective spaces. (23, 24) , together with evidence that considerable tertiary structural similarity exists in proteins such as lactate dehydrogenase and carboxypeptidase despite connectivity differences in their polypeptide chains.
In conclusion, it is of interest to note that although there are many known examples of structural convergence in the evolution of whole organisms (e.g., the independent evolution of a streamlined body form by both porpoises and icthyosaurs), they are, in contrast to the situation for proteins, invariably associated with convergence upon similar function. The apparent disparity between the eventual outcome of whole organism versus protein convergent evolutionary processes results from the fact that protein functionality is usually defined in a chemical, rather than a structural context. However, the processes are similar in the sense they both result in the attainment of structures that are optimal adaptations to their physical environment.
